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Abstract

Full-face hard rock tunnel boring machines (TBM) are essential equipment in highway and railway tunnel engineering
construction. During the tunneling process, TBM have serious vibrations, which can damage some of its key compo-
nents. The support system,an important part of TBM, is one path through which vibrational energy from the cutter
head is transmitted. To reduce the vibration of support systems of TBM during the excavation process, based on the
structural features of the support hydraulic system, a nonlinear dynamical model of support hydraulic systems of
TBM is established. The influences of the component structure parameters and operating conditions parameters on
the stiffness characteristics of the support hydraulic system are analyzed. The analysis results indicate that the static
stiffness of the support hydraulic system consists of an increase stage, stable stage and decrease stage. The static stiff-
ness value increases with an increase in the clearances. The pre-compression length of the spring in the relief valve
affects the range of the stable stage of the static stiffness, and it does not affect the static stiffness value. The dynamic
stiffness of the support hydraulic system consists of a U-shape and reverse U-shape. The bottom value of the U-shape
increases with the amplitude and frequency of the external force acting on the cylinder body, however, the top value

Dynamic stiffness characteristics

of the reverse U-shape remains constant. This study instructs how to design the support hydraulic system of TBM.
Keywords: Tunnel boring machine, Support hydraulic system, Nonlinear model, Static stiffness characteristics,

1 Introduction

Full-face hard rock tunnel boring machines (TBM) are
widely used in highway and railway tunnel engineering
construction because excavating tunnels with TBM has
advantages such as little environmental disturbance, high
tunnel efficiency, low personnel expenditure, and better
working conditions and safety [1, 2]. The basic elements
of TBM have serious vibrations because the load changes
suddenly due to the rock being broken in a working
environment of high hardness, quartz content, and sur-
face stress. The system vibrations generate noise, harm
workers’ health, and may damage key components of the
system [3—6]. The vibration energy is transferred to the
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support system through the main beam, making the sup-
port system vibrate [7]. As a key working component of
TBM, the support system provides the excavating coun-
ter-torque and counter-force during the excavation pro-
cess [8, 9], which has an important influence on system
vibration; therefore, the stiffness characteristics of the
support system receive significant concern [10, 11].
Support system stiffness is composed of hydraulic
system stiffness, mechanical structure stiffness, and
contact stiffness [12, 13]. Wu et al. [14] established a
multi-coupling dynamic model for support systems of
TBM and carried out a multi-position dynamic strain
test based on practical engineering to calibrate the
dynamic model. They pointed out that the support
directly affected the tunneling efficiency of TBM. Yu
et al. [15] studied the relationship between the rough-
ness and fractal parameters of three dimensional tun-
nel surfaces based on fractal theory and found that
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increases in the fractal dimension, elastic modulus,
normal loads, and number of support boots cause
an increase in the interfacial contact stiffness, and an
increase in the ratio of soft rocks in the contacting area
causes an increase in the contact stiffness. This shows
that the contact stiffness is influenced by the support
hydraulic system because the normal loads of support
shoes can be adjusted by the support hydraulic system.
Hence, hydraulic system stiffness characteristics play
an important role in the support system [16, 17]. Wu
et al. [18] obtained the static stiffness of gripper cylin-
ders and the machine-hydraulic—rock stiftness through
the linearization method near the equilibrium point
of the simplified model. The dynamic characteristics
of the relief valve in the support hydraulic system and
the leakage characteristics of the gripper cylinder had
not been taken into account in the system model, and
linearization may lack some important characteristics.
Wang et al. [19] studied the nonlinear dynamic char-
acteristics of moving cylinders by theoretical analysis
and experimental verification, and they found that the
cylinder took on soft spring and hard spring properties
in different working situations; however, this research
merely focused on the nonlinear stiffness character-
istics of the hydraulic cylinder, and the stiffness char-
acteristics of the hydraulic system and the leakage
characteristics of the cylinder were not investigated. Lei
et al. [20] analyzed the gripper cylinder internal leak-
age characteristics of TBM and the influences of the
cylinder structure parameters and working conditions
parameters on the structure feature of the support
hydraulic system. The relief valve model in this research
was simplified as a linear relation between input pres-
sure and flowrate, and the dynamic characteristics
of the relief valve were neglected. As for the support
hydraulic system, the stiffness characteristics depend
heavily on the open and close of the relief valve and the
dynamic characteristics of the valve. In fact, the static
and dynamic characteristics of the poppet relief valve
have a significant influence on the efficiency of the
hydraulic system [21, 22]. For this purpose, it is nec-
essary to investigate the nonlinear static and dynamic
stiffness characteristics of the support hydraulic system
while also considering the dynamic characteristics of
the relief valve and working conditions.

In this paper, taking into account the dynamic model
of the relief valve, the nonlinear dynamic model of the
support hydraulic system is established according to
the structural feature of the support hydraulic system,
and the influences of the component structure param-
eters and operating conditions parameters on the stiff-
ness characteristics of the support hydraulic system are
analyzed.
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2 Configuration of the Support Hydraulic System
TBM are composed of a main beam, cutterhead, grip-
per cylinder, shield, rear support leg, and thrust cylin-
der as shown in Figure 1 [23, 24].

During the excavation process, gripper shoes support
the rock, relying on the output force of the gripper cyl-
inder to provide the counter-force and counter-torque
needed for excavating, and Figure 2 shows the working
state of an gripper cylinder [25].

Based on Figure 2, the support system in TBM
includes gripper shoes, hinges, and a support hydraulic
system, and the support hydraulic system in the work-
ing state is demonstrated in Figure 3.

As shown in Figure 3, the support hydraulic system
consists of two gripper cylinders, two check valves, and
two relief valves. The two gripper cylinders are fixed
together; their rod-less chambers are connected, and
the two relief valves are connected to the rod chambers,
The rod-less chambers of the gripper cylinders are con-
nected with a pipeline. The support hydraulic system
can be simplified and illustrated in Figure 4.
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3 Dynamic Model of Support Hydraulic System

As shown in Figure 4, the dynamic model of the sup-
port hydraulic system consists of the gripper cylinder sub
model and the relief valve sub model. The gripper cylinder
sub model includes the moment equation and the leakage
equation of the cylinder, the relief valve sub model includes
the flow model and the force equilibrium equation of the
valve core.

3.1 Dynamic Model of Gripper Cylinder

As shown in Figure 5 and taking the cylinder body as the
research object and neglecting the viscous force, the fol-
lowing equation can be obtained based on Newton second
theorem.

mex = (p2 — p1)Ac + Fje — Fr sign(x), (1)

where mi, is the mass of the cylinder body, x is the dis-
placement of the cylinder body, A, denotes the effective
area of the rod chamber, Fj, stands for the external force
acting on the cylinder body, Fy is the friction between
the cylinder body and the piston, p; and p3 are the rod
chamber of the two cylinders, respectively, and %, %
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Figure 5 Schematic of a support hydraulic system

are the acceleration and velocity of the cylinder body,
respectively.

According to the pressure-rise rate equation, the pres-
sure expression of the rod chamber can be obtained [26].

. B .

1= ﬁ(ﬂlll +xAc — qv1), (2)
C

. Be .

p2= m(‘llz —xAc — qv2), (3)

where B, is the bulk modulus of the working fluid media,
V is the initial volume of the rod chamber, ¢;; and g;, are
the leakage flowrates from the rod-less chambers to the
rod chambers of the two cylinders, respectively, and g1,
q,2 denote the flowrates of the relief valves.

Based on the Navier—Stokes equations and neglecting
the eccentricity of the piston in the gripper cylinder, the
volume rate of flow between the rod-less chamber and
the rod chamber is derived as [27]

ds}(ps —pr) _ 7dd

qan = 1241l 2 (4)
ndsy(ps —pa) | wddy

= y 5

qi 1241l, ) X (5)

where d denotes the diameter of the cylinder piston, §;
and &y are the clearances between the piston and the
internal wall of the two cylinders, respectively, ps is the
pressure in the rod-less chamber, p is the absolute viscos-
ity of the working fluid media, and /. stands for the length
of the piston.

3.2 Dynamic Model of Relief Valve

The dynamic characteristics of the relief valve play an
important role in the stiffness characteristics of the sup-
port hydraulic system. Figure 6 shows the schematic of
the relief valve in the open position [28].
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Figure 6 Schematic of a support hydraulic system. 1.
Pre-compression thread, 2. Valve core, 3. Valve cover, 4. Outlet, 5.
Spring, 6. Valve body, 7. Inlet

As shown in Figure 6, the relief valve consists of a pre-
compression thread, valve cover, valve core, spring, and
valve body.

3.2.1 Flow Equation for Relief Valve
The flow through the orifice can be expressed as [29]

q = C4A®) \/%, (6)

where C; is the discharge coefficient, A(y) is the flow-
through area, y is the position of the valve body, p is the
pressure difference between the inlet and the outlet of
the relief valve, and p is the density of the fluid media.
Figure 7 shows the geometry of the flow area, and the
flow-through area can be approximately given as [26]

A(y) = 7 Ds sin 0y, (7)

where D; is the diameter of the seat port of the relief
valve, and 6 denotes the half angle of the valve core.

Based on Bazsd's [30] experimental results, Eq. (6) can
be rewritten as

Figure 7 Geometry of the flow area

P 1.3086
ing |2
g = 0.12397 Dsv (y S;n 5) , (8)

where v denotes the kinematic viscosity of the fluid
media.

3.2.2 Mechanical Analysis of Relief Valve Core

The forces acting on the valve core, as shown in Figure 6,
include the friction force, spring force, viscous force, and
flow force, which are represented symbolically as Fy, Fs,
F, and Fj, respectively. The spring force and friction
force are given by

Fo=—k(yo+), €

FV = _ij/1 (10)

where k is the stiffness of the spring, yq is the initial pre-
compression length of the spring, B, is the damping coef-
ficient, and y denotes the velocity of the valve body.

The flow forces depend on the flowrate through the ori-
fice and the inlet pressure, and they are an important part
of the forces acting on the valve core. Figure 8 shows the

—
M
A\ . / q
\\\ _\) / i@
\ / T
\ | 4 ~ ‘
A\ f/
\) I/
\ ‘ /
A\ 4
\) /A
\ 4
A\ i/
\ | /
\ 4
N /
A\ i/
A\ I
\/
\ !
rlq ‘
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control volume for calculating the flow forces acting on
the valve core.

According to the Reynolds transport theorem, the
Y-component of the fluid force acting on the valve core
can be expressed as [27, 28, 31]

1
Ey=pAs—p {(q —yAs)Z(“’SQ - —)

Aly) A
. Dy . .
— A —y) = (9 -34)3, 0,
+(G — ¥ S)<2tan9 y> (-7 s)y] y >
.. D
Fy=pAs—p(q—yAs)2ta;9, y=0,
(11)

where F) stands for the component force in the y direc-
tion, y denotes the acceleration of the valve core, and A;
is the seat area.
Based on Newtons second theorem, the following
equation can be obtained:
myy = Fy — k(yo +y) — Frsign(y) — F, (12)

where m, is the mass of the valve core.

Substituting Egs. (10) and (11) into Eq. (12), under the
condition that y > 0, the kinematic equation of the valve
body takes the form

. . 20/ 1 cos b
myy = pAs + p (q — yAs) Yol A0)
S

~a-34) (3 =7) + (0= 5340))

— k(o +) — Ersign() — Buj.

(13)
Therefore, the dynamic model of the relief valve can be
expressed by Egs. (8) and (13).

3.3 Dynamic Model of Support Hydraulic System

Based on the sub-models of the gripper cylinder and
relief valve and neglecting the pipe length between the
cylinder and the relief valve, the volume flowrate through
the relief valves can be expressed as follows:

1.3086
ing [2
g1 = 0.12397 Dyu (ylsm pl) , (19
v\ p
0 1.3086
ino [2
gvs = 0.12397 Dyv (yzsm m) . (15
v\ o

where y; and y; are the displacements of the relief valve
cores.

The dynamic model of the relief valve can be given as
follows:
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1 cos6
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. . . .. D,
+(qv1 — 1149)31 — (@n _ylAs)< : _y1>:| y>0,
2tan
— k(o + 1) — Eysign(y1) — Buj1,
.. . .. D
nmyyi = p14s — p(gn _ylAs)m - k()’o +y1) y= 0,

- FfSign@l) — Byy1,

. {( . )2< 1 cos )
myys = paAs + p|(qv2 — 14s 73 - )

Dy

(i — 50 A
(qu y2 S)<2tan

— k(yo + y2) — Frsign(y2) — Buya,

P —J’2> + (g2 —J"zAs))'/z} y >0,

.. . .. D,
myyy = prAs — p(qv2 — Y24s) > _k(yO +y2) y=0.
2tan6

— Fysign(jn) — Buja,
(17)
Therefore, the dynamic model of support hydraulic
system can be described by Egs. (1)-(5) and (13)-(17).

4 Nonlinear Stiffness Characteristics Analysis
Based on the dynamic model of the support hydraulic
system, the simulation model was established the Sim-
ulink package in MATLAB. The parameters employed
in the simulation model are listed in Table 1.

Defining the support hydraulic system stiffness
according to the simulation model as k; = Fj./x, the
nonlinear static and dynamic stiffness characteristics of
the support hydraulic system are analyzed as follows. In
static stiffness analysis, a single direction of Fj, is inves-
tigated for simplicity because the support hydraulic
system is symmetrical.

4.1 Quasi-static Stiffness Characteristics Analysis

4.1.1 Influence of the Clearances on Static Stiffness

The velocity of the gripper cylinder body is neglected
when calculating static stiffness. The influences of the
clearances between the piston and the internal wall of
the cylinder on static stiffness is analyzed.

For §; = 8, the static stiffness characteristic of the
support hydraulic system at different conditions is plot-
ted in Figure 9.

Based on Figure 9, under the condition that §; = 8y,
the static stiffness of the support hydraulic system can
be divided into three parts: an increase stage, stable
stage, and decrease stage. Static stiffness increases as
the external force acting on the cylinder body increases
in the increase stage, remains approximately constant
in the stable stage, and decreases in the last stage.
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Table 1 Parameters of support hydraulic system

Quantity Symbol Value Units
Area of rod chamber Ac 0411 m?
Damping coefficient B, 200 N-s/m
Piston diameter d 0915 m
Seat diameter Ds 0.02 m
Friction force of cylinder Fre 500 N
Spring stiffness k 15 kN/m
Piston length le 0.26 m
Cylinder body mass me 2000 kg
Valve mass my 0.5 kg
Supply pressure Ds 23 MPa
Kinematic viscosity v 20 mm?*/s
Volume of rod chamber v 0.123 m?
Spring pre-compression Yo 0.015 m
Fluid density P 870 kg/m?
Absolute viscosity 0.017 Pa-s
Clearance of 81 0.01 mm
Half cone angle 0 30 ©)
Bulk modulus Be 1.7 GPa
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Figure 9 Static stiffness characteristic at §; = 6,

The static stiffness increases as the clearances between
the piston and the internal wall of the cylinder increase
because the fluid working media from the rod-less chamber
to the rod one increases the pressure in the rod chamber.

The decrease point of the three stages occurs at about
4.8 MN. At that point, the relief valve connected to the
rod chamber of the left cylinder opens, decreasing the
static stiffness of the support hydraulic system.

For &1 # &y, the static stiffness characteristic of the sup-
port hydraulic system under different conditions is illus-
trated in Figure 10.

As illustrated in Figure 10, the clearance of the left
cylinder influences the static stiffness of the support
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Figure 11 Static stiffness characteristic with different
pre-compression lengths at §; = §; = 0.01 mm

hydraulic system, while the clearance of the right cylin-
der has little influence on the static stiffness because the
working fluid media from the rod-less chamber to the
rod one increases the pressure inside the rod chamber of
the left cylinder, which provides a counter-force against
the external force acting on the cylinder.

4.1.2 Influence of the Pre-Compression Spring Length-in

the Relief Valve on Dynamic Stiffness
The static stiffness characteristics with different pre-com-
pressions length of the spring are analyzed, and Figure 11
shows the stiffness characteristics of the support hydrau-
lic system at §; = §» = 0.01 mm.

As shown in Figure 11, the pre-compression length of
the spring in the relief valve has no influence on the stiff-
ness value of the increase and stable stages. The range of
the stable stage increases as the pre-compression length
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Figure 13 Partial enlarged view of dynamic stiffness characteristics

of the spring increases because this also increases the
cracking pressure of the relief valve. The pressure inside
the rod chamber of the left cylinder decreases when the
connected relief valve opens; therefore, the stiffness of
the support hydraulic system also decreases.

It must be noted that the output force of the gripper
cylinder decreases when the cracking pressure increases
when the supply pressure of the support hydraulic system
is kept constant.

4.2 Dynamic Stiffness Characteristics Analysis
Figure 12 shows the nonlinear dynamic stiffness charac-
teristics of the support hydraulic system when the exter-
nal force acting on the cylinder body takes the form of
Fi. =asinwt, a =03 MN, and o = 3rad/s, and Fig-
ure 13 is a partial enlarged view of Figure 12.

As seen in Figures 12 and 13, the dynamic stiffness
switches between the positive and negative extreme val-
ues when the direction of the displacement changes, and
the dynamic stiffness of the support hydraulic system

150 TV ' @=0.5 MN
a=1 MN
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G1o0b-HLR-- - .
Ve
2 1
Q
@ 50 -1t 1 \ ‘
2 \ \
g B = M|/ 7l
a Y /
> o
i \ [
L y\‘ | ‘
2 = 6
Time #(s)
Figure 15 Partial enlarged view of dynamic stiffness characteristics
at different amplitudes

takes on a U-shape and reversed U-shape, respectively.
The U-shape represents the displacement of the cylin-
der body in the opposite direction of x, and the reversed
U-shape denotes the displacement of the cylinder body
in the direction of x. The bottom value of the U-shape
is about 150 GN/m, and the top value of the reversed
U-shape is about 3.9 GN/m.

4.2.1 Influence of the External Force Amplitude Acting
on the Cylinder Body

The external force acting on the cylinder body takes the
form of Fj, = asinwt in which w = 3 rad/s, and a takes
on the values 0.5 MN, 1 MN, 3 MN, and 5 MN. Figure 14
shows the nonlinear dynamic stiffness characteristics
of the support hydraulic system at different amplitudes
of the force. Figure 15 is the partial enlarged view of
Figure 14.

As shown in Figures 14 and 15, the top values of the
reversed U-shapes remain constant with external force
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at different frequencies

amplitudes. The bottom value of the U-shape increases
and the width decreases as the amplitude of the exter-
nal force increases until 2 = 3 MN. When the amplitude
is 5 MN, the bottom value of the U-shape decreases and
the width increases because the relief valve opens and the
pressure in the rod chamber decreases.

4.2.2 Influence of the External Force Frequency Acting
on the Cylinder Body

The external force acting on the cylinder body takes the
form Fj, = asinwt in which a = 0.3 MN, and o takes
on the values 8 rad/s, 12 rad/s, and 18 rad/s. Figure 16
illustrates the nonlinear dynamic stiffness characteristics
when the external force acts on the cylinder body with
different frequencies. Figure 17 is the partial enlarged
view of Figure 16.

As shown in Figures 16 and 17, the bottom value of
the U-shape increases as the frequency of the exter-
nal force acting on the cylinder body increases, and the
top value of the reverse U-shapes remain constant with

Page 8 of 9

varying frequencies. The top value of the U-shape is
about 3.12 GN/m.

5 Conclusions

In this study, the nonlinear dynamic model of the support
hydraulic system in TBM is established, and the nonlin-
ear static and dynamic stiffness characteristics of the sup-
port hydraulic system are analyzed. Based on the analysis
results, several conclusions can be obtained.

(a) The static stiffness of the support hydraulic system
consists of three stages; the increase stage, stable
stage, and decrease stage.

(b) The static stiffness of the support hydraulic system
increases as the clearances between the piston and
the internal wall of the gripper cylinder increase.

(c) The pre-compression length of the spring in the
relief valve has no influence on the static stiffness
value of the support hydraulic system; however, the
pre-compression length does influence the range of
the stable stage of the static stiffness.

(d) The dynamic stiftness of the support hydraulic sys-
tem consists of a U-shape and reverse U-shape.

(e) The bottom value of the U-shape increases as the
amplitude of the external force acting on the cyl-
inder body increases, while the top value of the
reverse remains U-shape constant.

(f) The bottom value of the U-shape increases as the
frequency of the external force acting on the cyl-
inder body increases, while the top value of the
reverse U-shape remains constant.
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